ABSTRACT Malocclusion is currently the third largest oral disease for harming people's health. Fixed appliance technology is the most common and effective malocclusion orthodontic treatment method. And the elastic deformation of the second sequential loop generates orthodontic moment to treat the buccal-lingual tooth deformity. The shape of the second sequential loop can greatly affect the orthodontic moment. However, the design of the archwire depends entirely on the experience of the orthodontic doctors. This treatment is ineffective and may easily hurt patients. To solve these problems, the deflection equation of the second sequential loop around the buccal-lingual direction was obtained, the second sequential loop orthodontic moment prediction model was established to find the relation between the shape of the orthodontic archwire and the orthodontic moment to assist doctors design the proper orthodontic archwire. The orthodontic moment measuring device of the second sequential loop with a six-axis force/torque sensor was designed according to the characteristics of orthodontic moment transmission. The orthodontic moment measuring experiments were conducted with second sequential loops of different parameters. Finally, the effective orthodontic-moment prediction model of the second sequential loop was established by developing the correction factors in order to eliminate the errors. The relative errors between the prediction model and the experiment results ranged between 3.54%-8.72%. The orthodontic moment generating process is simulated through ANSYS. The relative errors between the prediction model and the simulation results ranged between 1.57%-7.08%. The experimental and simulation results verify the validity of the orthodontic moment prediction model of the second sequential loop.
I. INTRODUCTION
According to the research of the World Health Organization (WHO), malocclusion is one of the three major oral diseases. And it is mainly caused by improper teeth positioning [1] - [4] . It happens with the malposition of teeth and abnormal arrangement of the dental arch, such as buccal-lingual tooth deformity, which will affect the function of mastication and pronunciation, and may easily cause dental caries, periodontitis, and other oral diseases. The malocclusion has a high incidence among adolescent [5] , [6] . The second sequential loop is the most effective manner to treat the buccallingual tooth deformity. It mainly uses the restoring moment generated by the deformation of the archwire to raise and depress abnormal teeth to the target position. The shape of the archwire is the most important factor that affects the orthodontic moment and force [7] , [8] .
Currently, the orthodontic treatment is mainly planned based on the experience of the doctors. From a quantitative perspective, the relation between the parameters of the archwire and the orthodontic force and moment is still undefined [9] , [10] . The lack of the quantification in the orthodontic archwire bending can affect the judgment of the doctors to the orthodontic force. However, excessive orthodontic force and moment may cause the root resorption and periodontal ligament necrosis. Meanwhile, if the orthodontic force is too small, the effective movement of the teeth may be affected as well [11] . Thus, it is necessary to calculate the accurate orthodontic force and moment to help doctors determine the shape and bending of parameters the orthodontic archwire and improve the rationality of the treatment.
To quantify the orthodontic force and moment, scholars have conducted research on the measurement, mechanical analysis and finite element simulation of orthodontic force and moment. Shima researched the bending property of the hollow nickel titanium alloy wire during its bending process in 2010. They found that the bending stress can be calculated through the hyperelasticity of the archwire [12] . Because of the limitation of the intraoral space and to ensure the safety of the patients, the investigation has been conducted primarily in laboratory settings using archwires placed on dental casts [13] - [16] . In these researches, the oral environment is simulated by the tooth model to measure the orthodontic force on the tooth crown and root. A pendulum measuring force device was designed by Kinzinger et al. [17] in 2004. The force sensor connected with a band which was nested within the molar and could measure the orthodontic force of the molar generated by the pendulum archwire. Fuck L obtained measurements from a plaster tooth model through the six-axis sensor. The sensor connected with the crown of the teeth and the position of the model could be adjusted using the base platform. The experimental materials comprised a nickel-titanium alloy archwire and a stainless steel archwire, the typically used stainless steel is austenitic stainless steel [18] , [19] . Lapatki et al. [20] designed an intelligent bracket which contained a pressure sensor inside itself; it could measure the contact force between the archwire and the bracket. Badawi H M designed a three-dimensional orthodontic force measuring device, with simplified cylinders replaced the actual teeth. The actual tooth arrangement could be simulated by the adjusting the position of the cylinders [21] . In 2010, Chen J installed a T-shaped archwire on a teeth model without the first premolar and incisor. The six -dimensional sensor was in direct contact with the tooth crown. The orthodontic force generated by the T-shaped archwire on the adjacent teeth was analysed [13] . A numerical method was proposed by Wei in 2012 to evaluate the force system in the orthodontic treatment. They established the model of the archwire and the bracket in the finite environment. The orthodontic force system influenced by archwire material and the friction force was discussed in their study [22] . In 2013, the load system of segmental T-loops for canine retraction was studied by Xia Z, it was concluded that clinical changes in the canine position and angulation during canine retraction significantly affected the load system. The initial planned moment-to-force ratio needed to be lower to reach the expected average ideal value [15] . In 2015, Mencattelli et al. [23] designed a device which could measure the orthodontic force generated by multiple appliances. This measurement device had six loading unit. This measuring device had six loading units. Each unit was affixed with to a strain gauge. Each strain gauge could measure the orthodontic force in each dimension. Midorikawa et al. [24] designed an orthodontic force sensing system in 2016. The tooth arrangement was simulated by adjusting the position of the slider. The orthodontic force of 14 teeth was measured simultaneously. In 2017, a small-diameter nickel titanium alloy archwire which was employed as a stress measurement device was invented Rodrigo Hitoshi Higa [25] . The tooth model was made by of resin. The temperature of the intraoral environment was simulated by means of a heating rod. Lai analysed the second order moment generated by the archwire in 2018. They built a force analysis system composed of a straight wire and two hooks. The extraction model of premolars was established [26] . Through the analysis of the research status about the orthodontic force, it can be found that, scholars had researched orthodontic force and moment through the experimental measurement, mechanical analysis and finite element simulation. In the aspect of the orthodontic force measuring, scholars mostly measure the orthodontic force generated on the tooth to calculate the orthodontic force. However, the actual orthodontic force is transmitted through the brackets. The accuracy of measurement result can be improved by measuring the orthodontic archwire which is the source of the orthodontic force. Although the relationship between the archwire shape and the orthodontic force had been studied, however, the affect parameters of the orthodontic moment and the actual mechanical model have not been thoroughly researched. The relationship between the archwire bending parameters and the orthodontic force is not well founded. Doctors cannot use these studies to accurately calculate orthodontic force generated by the designed archwire.
In this study, an orthodontic moment prediction model will be analysed and calculated on the second sequential loop to solve the problem that the doctors make the orthodontic plan by their experience may hurt the patients and slow the treatment. First, through the analysis of the loading characteristics of the second sequential loop, the indirect measurement method and the sequential loop orthodontic moment measurement device based on the six-axis force/torque sensor will be proposed. Second, aiming at the abnormality of the buccallingual direction, the experiments and ANSYS simulation analysis of sequential loop orthodontic moment generated by archwires with different material parameters, cross section parameters and characteristic parameters will be carried out. Finally, the orthodontic moment prediction model will be proposed after the compensation. The study of the orthodonticmoment prediction model can provide a quantitative standard for the orthodontic moment. With the help of the orthodonticmoment prediction model, the relation between the shape of VOLUME 6, 2018 the orthodontic archwire and the orthodontic moment can be found to assist doctors design the proper personalized orthodontic archwire, which may improve the rationality of the therapy and decrease the pain of the patients during their treatment.
II. METHODS

A. ORTHODONTIC MOMENT LOADING UNIT
According to the bending plane and the function of the sequential loop, the sequential loop can be divided into the first sequential loop, the second sequential loop and the third sequential loop. The curve of the first sequential loop is only bent in the horizontal plane. The first sequential loop is mainly used to correct the abnormal shape of the maxillary and mandibular arch. The light dislocation in the buccallingual direction can be treated by the first sequential loop. The combination of the first sequential loop and the functional curve should be considered if the dislocation is serious. As shown in Fig. 1 . the curve of the second sequential loop is bent only in the vertical plane to raise the tooth and depress the tooth. The tip back curve of the second sequential loop can raise the posterior teeth and depress the anterior teeth. The tip forward curve of the second sequential loop can raise the anterior teeth and depress the posterior teeth. The third sequential loop can only be bent by the square section archwire which is mainly used to generate the torque to move the tooth root in the cheek and tongue directions. 
B. ORTHODONTIC MOMENT PREDICTION OF SECOND SEQUENTIAL LOOP
The orthodontic force generation process is very complex in the orthodontic treatment which is affected by many factors. Thus, the orthodontic moment prediction model of second sequential loop needs to be built by considering the main parameters, and the prediction model will be corrected by the experimental result. Thus, the basic assumption had been developed as follows to simplify the establishment process of the prediction model:
(1) The orthodontic archwire and the orthodontic brackets are ligated tightly which means the sliding friction is not existed between the orthodontic archwire and the orthodontic brackets.
(2) Only the second sequential loop was researched in this study, however, different kinds of the orthodontic loops are used at the same time in clinical. To simplify the establishment process of the prediction model, the interactions between different loops aren't considered in this study.
(3) The orthodontic force generated on the tooth is the restoring force generated by the elastic deformation of the orthodontic archwire.
In the situation of the buccal-lingual tilt deformity of the teeth, the tooth is affected by the unidirectional moment. The relative position of the target tooth and the adjacent teeth is changed which may generate the deformation on the left and right sides of the bracket along the opposite direction of the coronal and root. The orthodontic moment on the opposite direction of the tooth tilt will generate on the target tooth based on the anchorage of the adjacent teeth. The relationship between the archwire and the bracket is shown in Fig. 2 . The equation of the deflection curve of the second sequential loop can be obtained as follows.
Where, E is the modulus of elasticity of the archwire, I is the inertia moment of the cross section of the archwire, θ is the included angle between the axis of the archwire and the x axis. l is the length of the archwire between the two anchorage teeth. a is the distance between the target tooth and the distal anchorage tooth which named as the offset distance. b is the distance between the target tooth and the mesial anchorage tooth. Thus, the θ on the position x = a affected by the orthodontic moment can be obtained as follows:
The angle θ is equal to the inclination angle of the bracket γ . Thus, the vertical deformation generated by the moment M can be expressed as follows:
Considering the action and reaction principle, the orthodontic moment M generated by this deformation can be obtained.
During the bending process of the second sequential loop, the residual stress may be generated by the bending deformation which may influence the result of the above analysis. Thus, the correction factor K M is considered to build the final orthodontic moment prediction model of second sequential loop. K M can be obtained by comparing the experimental results and the theoretical model without considering the correctness. The second sequential loop orthodontic moment prediction model considering the correction factor K M can be expressed as:
C. DESIGN OF THE MEASURING METHOD OF THE SECOND SEQUENTIAL LOOP
The orthodontic moment of the second sequential loop is generated by the deformation of the archwire. The quantity and the type of the deformation are the determinants of the orthodontic moment. In the actual orthodontic treatment process, the standard archwire is wore on patient's abnormal teeth and the deformation generated on the standard archwire at the position of the abnormal teeth. The deformation generates restoring force. With the effect of the restoring force, the abnormal teeth are drive to the standard position. Thus, it is difficult to measure the orthodontic moment in the complex force transfer process. The indirect measurement method was considered in this study which uses the loading unit to generate the displacement load on the standard archwire. The displacement load drives the target tooth to the abnormal position to simulate the orthodontic process. As shown in Fig. 3 , the measured moment of different displacement load was the orthodontic moment. A vitro measurement was adopted in this study because the narrow space of the human mouth and the patient may easily get hurt. As shown in Fig. 4 , the replaced dentition position was designed according the actual dentition position and the archwire was fixed by the clinical ligation way to simulate the actual treatment process. The orthodontic archwire used in the experiment were made by Renyun medical device company in China. Ten types of the orthodontic archwire were used in these experiments. The naming method of the used sequential loop in this experiment is as follows. The name of each experimental sequential loop is composed of one letter and eight numbers. The first letter represents for the material of the sequential loop, A represents for the Australia archwire, and S represents the stainless steel archwire. The first number to the forth number represents for the size of the cross section of the archwire, 0016 represents the round archwire of 16 inch, 1616 represents the rectangular archwire of 16 × 16 inch, and 1825 represents the rectangular archwire of 18×25 inch. The fifth number to the sixth number represents for the anchorage distance. The seventh number to the eighth number represents for the offset distance.
The orthodontic measurement process is carried out according to the loading characteristics of the buccal tongue tilt deformity. The angle of the deformity is limited to 5 • , and the range of 5 • is divided into ten measuring points by the interval of 0.5 • to measure the orthodontic moment of these points. To study the effects to the orthodontic moment generated by the different anchorage distances, different offset distances, different cross section characteristics and different material properties, ten different types of the archwires are used in this experiment. The sequential loops used in the experiment are listed as follows. x-S16162010; y-S16162210; z-S16162410; {-S16162610; |-S16162009; }-S16162008;~-S20102007; -S18252010; -S00162010; -A16162010.
III. RESULTS
A. ESTABLISHMENT OF THE MEASURING DEVICE OF THE SECOND SEQUENTIAL LOOP
A few requirements should be satisfied in the design of the sequential loop orthodontic moment measuring device:
1. The measuring device should have the function to measure the moment in one direction and can also measure the coupling moment in more than one direction.
2. The measuring device could realize the precision adjustment of the straight movement and rotation in the loading process of the displacement load. The adjustment precision of the straight movement should be 0.1 mm. The adjustment range should be more than 5mm. The adjustment precision VOLUME 6, 2018 of the rotation should be 1 • . The adjustment range should be more than 10 • .
3. The measuring range of the measuring device should be larger than the largest moment generated by the second sequential loop. The measuring rang should be larger than 50Nmm. The resolution should be larger than 0.01Nmm.
According to the measuring method, the position of the sensor could be adjusted easily to adopt the different measuring position. As shown in Fig. 5 , the fretting turntable is designed as the movement adjusting unit to adjust the inclination angle. The adjusting unit was installed on the end of the universal gripper. The rough measuring position was adjusted by the universal gripper. The six-dimensional force/torque sensor connected with the archwire through the clamping sleeve. The orthodontic moment was collected by the six-axis force/torque sensor and transmitted to the upper computer. The measuring range of the used six-axis force/torque sensor in M x , M y , and M z were 15Ncm, 15Ncm and 30Ncm, respectively. And the resolution is 0.01Nmm. The adjustment of the clamping sleeve moved with the adjusting of the fretting slide after the position of the six-axis force/torque sensor was fixed to generate the displacement load to the archwire.
The arched chute was manufactured on the positioning plate. The shape of the arched chute was same as the standard arch form. The hexagon copper cylinders were mounted on the arched chute to simulate the position of the actual teeth. The positions of the hexagon copper cylinders could be adjusted along the arched chute. The brackets were pasted on the hexagon copper cylinders. The archwire was fixed on the brackets by the clinical ligation way.
The measuring process will be introduced with the situation of two hexagon copper cylinders. Two hexagon copper cylinders can simulate the two teeth not adjacent in every tooth position. The standard archwire which has the shape after the orthodontic treatment was fixed on the hexagon copper cylinders. The clamping sleeve was clamped with the archwire between two hexagon copper cylinders. The archwire of this area was pulled to generate the deformation to simulate the dentition deformity. The shape of the archwire of this moment was just same as the shape of the archwire before the treatment. The measuring value after eliminating the effect of the end-weight was the actual orthodontic moment.
B. SEQUENTIAL LOOP ORTHODONTIC MOMENT MEASURING EXPERIMENT
The orthodontic moment generated by the orbicular-ovate archwire. The manual measurement error of the same type of the archwire should be less than 5%. In each group of the experiment, three archwires of the same type were used to carry out three repeated experiments. The average value of these three experiments is regarded as the effective value.
The measuring result is listed in Table. 1. As shown in Fig. 6a , comparing the experimental results of x, y, z, {, it was found that the orthodontic moment was negatively related to the anchorage distance. The orthodontic moment decreases with the increasing of the anchorage distance. Thus, the mild orthodontic moment can be obtained by increasing the anchorage distance.
The comparison of the experimental results is shown in Fig. 6b . With the experimental result comparison of x, |, },~, it was found that the orthodontic moment was positively related to the offset distance. The orthodontic moment increases with the increasing offset distance.
The comparison of the experimental results of x, , is shown in Fig. 6c . Through the comparing of the orthodontic archwire with the same bending parameters but made by circle cross section archwire and square cross section archwire, it was found that the load deformation rate of the circle cross section archwire is smaller than deformation rate of the square archwire. Thus, the orthodontic moment is positively related to the inertia moment.
As shown in Fig. 6d , through the comparing of the experimental results of x and , it was found that the load deformation rate of the Australian archwire is smaller than the stainless steel archwire and the orthodontic moment is milder. It can be concluded that the orthodontic moment is positively related to the modulus of elasticity.
Through the built orthodontic moment prediction model, the orthodontic moment is positively related to the inertia moment and the modulus of elasticity. And the orthodontic moment is negatively related the quadratic function of the anchorage distance and the offset distance. Through the analysis above, it can be found that the influence of the parameters to the orthodontic moment shown in prediction model is just the same as the result in these experiments.
IV. DISCUSSION A. EXPERIMENTAL ANALYSIS OF SEQUENTIAL LOOP ORTHODONTIC MOMENT
Correction factor K M was determined by comparing the experimental result and results of the theoretical prediction model result. The theoretical deviation rate was defined as the ratio of the difference of the experimental results, the theoretical value without considering correction factor K M and the experimental result. Theoretical correction rate was defined as the ratio of the difference of the VOLUME 6, 2018 experimental result, the theoretical value without considering correction factor K M and the theoretical value. The theoretical deviation rate represented the correctness of the theoretical value without considering correction factor K M compared with the experimental results. The theoretical correction rate represented the correcting effect of the theoretical value generated by the experimental result. In the following figures, the solid lines represent the experimental result. The dotted lines represent for the theoretical deviation rate.
The results of the comparison between the experimental results and the theoretical values obtained from x, y, z and {, are shown in Fig. 7 . The orthodontic moment decreases as the anchorage distance increases. The theoretical value of the deviation rate of the sequential loop with the same anchorage distance changes within a small value range. And the theoretical deviation rate of the orthodontic moment decreases as the anchorage distance increases. The correction factor K Ml , which is influenced by the anchorage distance, was obtained by fitting the relation of the average theoretical correction rate of each anchorage distance.
The comparison between the experimental result and the theoretical value of x, |, } and~is shown in Fig. 8 . The orthodontic moment increases as offset distance increases. The theoretical deviation rate of the sequential loop with the same offset distance changes within a small range. And the theoretical deviation rate of the orthodontic moment decreases as the offset distance increases.
The correction factor K Ma , which is influenced by the offset distance, is obtained by fitting the relation of the average theoretical correction rate of each offset distance.
Through the comparison of the experimental results and the theoretical values obtained from x, and , are shown in Fig. 9 , it can be found that the theoretical deviation rate of the inertia moment of different sections decrease as the inertia moment increases. Through the analysis above, it can be found that the correction factor K M is influenced by the anchorage distance, offset distance, cross section characteristics and material characteristics. And the correction effect of each parameter is different, thus, the correction effect of these parameters will be considered repeatedly if these correction factors are multiplied with each other directly. And the stainless steel archwire named S16162010 was used in every correction factors fitting process of these parameters. Thus, the correction factor of S16162010 is considered to be the base to calculate the general formula of the correction factor.
The correction factor of different offset distance of S16162010 is K Ma0 , K MS0 is the correction factor of different cross section, K MM 0 the correction factor of different materials. The correction factor of the orthodontic moment can be expressed as:
The orthodontic moment prediction model of the sequential loop considering the correction factor is as follows:
The relative error rate between the experimental result and the theoretical value of the prediction model considering the correction factor is shown in Fig. 11 . The average relative error rate ranges between 3.54% and 8.72% which is satisfied with the need of the orthodontic moment prediction.
B. SIMULATION ANALYSIS OF SEQUENTIAL LOOP ORTHODONTIC MOMENT
The three-dimensional models of sequential loop and brackets are built in SOLIDWORKS. The sequential loop was fixed to the models of brackets through the decided parameters. The three-dimensional model is shown in Fig. 12 . The orthodontic moment generated by different anchorage distances, different offset distances, cross section characteristics and material characteristics were analysed. The archwires naming methods of x, y, z, {, |, },~, , and are same as the naming methods used in the experiments.
The connecting relation between the archwire and the brackets can highly affect the simulation result of the orthodontic moment. The elasticity modulus of the bracket is far higher than the archwire. Thus, the brackets are approximated as rigid body. Through the analysis of the actual connecting relation between the bracket and the archwire, it can be found that the bracket and the archwire are always connect with each other but a small amount of tangential sliding is generated in the moving process of the archwire. Thus, the connecting relation was set as no separation. However, the archwire and brackets on the anchorage teeth are contacted passively. There was no constraint relation between the anchorage bracket and the archwire. The anchorage bracket and the archwire can be separated from each other when the normal pressure was zero. And they could slide in the tangential direction in the archwire deformation process. Thus, the connecting relation of anchorage bracket and the archwire was frictionless.
To improve the computational efficiency and the accuracy of the calculation results, the nonhomogeneous meshing was adopted in this study. The coarser meshes were generated on the other parts besides the archwire, and the meshes were set as 0.5mm. The local coordinate system was built on the archwire connected with the bracket and the meshes of the archwire were set as 0.1mm through the method of sphere of influence. To guarantee the integrity of the simulation unit of the archwire in every direction, multilayered tetrahedral meshing method was adopted to mesh the archwire.
The brackets on the adjacent teeth of the target teeth were set as fixed constraint to simulate the constraint relation of the anchorage teeth. And the angular load around the buccallingual was generated on the bracket of the target tooth to simulate the tooth deformity in the buccal-lingual direction. To obtain the opposite acting moment of the target teeth, the opposite acting moment probe was added to the target teeth. The analysis process is shown in Fig. 12 .
C. ANALYSIS OF THE SEQUENTIAL LOOP ORTHODONTIC MOMENT SIMULATION RESULT
As shown in Fig. 13 , the orthodontic moment simulation results are compared with the theoretical results of orthodontic moment prediction model. In The relative error between simulation results and the theoretical results is between 1.57% and 7.08%. Compared with the previous study, it could be found that the simulation method is suitable for the establishment of the orthodontic moment prediction model [27] . And from the comparing of the simulation result, experimental results and theoretical results, it can be found that the orthodontic moment prediction model is satisfied to the function of predicting the orthodontic moment and the predicting result is reliable.
V. CONCLUSION
At present, the shape of the archwire in the orthodontic treatment is mostly decided by the experience of the orthodontic doctors. The treatment results are depended on the experience of the doctors. Thus, to help doctors calculate the orthodontic moment through the known parameters, such as the offset distance and anchorage distance, the orthodontic moment prediction model of the second sequential loop is established in this study. However, the real orthodontic force generation process is too complex to establish a math model. Thus, this study was researched by developing some basic assumptions to simplify the establishment process of the prediction model. This study is limited by these basic assumptions.
The orthodontic archwire and the orthodontic brackets are ligated tightly which means the sliding friction is not existed between the orthodontic archwire and the orthodontic brackets. Only the second sequential loop was researched in this study, however, different kinds of the orthodontic loops are used at the same time in clinical. To simplify the establishment process of the prediction model, the interactions between different loops aren't considered in this study. The orthodontic force generated on the tooth is the restoring force generated by the elastic deformation of the orthodontic archwire. The periodontal/bone reactions were not considered in this study because the bioreaction of the periodontium is generated after the orthodontic force is generated on the tooth. And the source of the orthodontic force, the shape of the archwire, is researched in this study. Thus, the bioreaction of the periodontal/bone is not generated in the analysis process of this study.
To measuring the orthodontic moment and correcting the prediction model, the orthodontic moment measuring device based on the six-axis force/torque sensor was designed. The experiments and simulations of second sequential loop with different materials, different cross sections, different anchorage distances and different offset distances are carried out to the buccal-lingual tilting deformity. Through the analyzing of the experimental results and the theoretical results of orthodontic moment prediction model, the theoretical model of the correction factors was established to eliminating errors. Finally, the effective orthodontic moment prediction model of the second sequential loop was established by considering the correction factors. The relative errors between the prediction model and the experiment results ranged between 3.54% and 8.72%, the relative errors between the prediction model and the simulation results were between 1.57% and 7.08%. This study provided a quantitative standard to for the orthodontic moment. With the safe orthodontic force and moment, orthodontic doctors can use the math equation presented in this study to calculate the shape parameters of the archwire. With the instruction of these parameters, orthodontic doctors can design the proper archwire to carry out the orthodontic treatment. 
